Mice defi cient in lymphocytes are more resistant than normal mice to Listeria monocytogenes infection during the early innate immune response. This paradox remains unresolved: lymphocytes are required for sterilizing immunity, but their presence during the early stage of the infection is not an asset and may even be detrimental. We found that lymphocytedefi cient mice, which showed limited apoptosis in infected organs, were resistant during the fi rst four days of infection but became susceptible when engrafted with lymphocytes. Engraftment with lymphocytes from type I interferon receptor-defi cient (IFN-R −/− ) mice, which had reduced apoptosis, did not confer increased susceptibility to infection, even when the phagocytes were IFN-R +/+ . The attenuation of innate immunity was due, in part, to the production of the antiinfl ammatory cytokine interleukin 10 by phagocytic cells after the apoptotic phase of the infection. Thus, immunodefi cient mice were more resistant relative to normal mice because the latter went through a stage of lymphocyte apoptosis that was detrimental to the innate immune response. This is an example of a bacterial pathogen creating a cascade of events that leads to a permissive infective niche early during infection. 
Mice genetically defi cient in lymphocytes (SCID, RAG −/− , and nude) and splenectomized mice are all more resistant to early Listeria monocytogenes infection (1) (2) (3) (4) . These fi nding are surprising because T lymphocytes are required for sterilizing immunity against listeriosis, and in their absence, strains such as nude and SCID become chronic carriers after infection (1, 4, 5) .
Within the fi rst 2-12 h of infection, L. monocytogenes is initially trapped in the marginal zone of the spleen (6) (7) (8) . At 24 h of infection, the bacteria are taken to the T cell zones of the spleen by a Mac3 + cell and are no longer found in abundance in the marginal zone or the red pulp (8) . Entry of Listeria into the white pulp leads to apoptosis of the splenic lymphocytes (9, 10) , a process that we have proposed is catalyzed by the bacterial toxin listeriolysin O (11) and enhanced by the presence of type I IFN in the infected mouse (12, 13) . Cell death induced by L. monocytogenes in the hematopoietic system may not be confi ned to the lymphocyte, as infected macrophages (14, 15) and dendritic cells (16) also die by necrosis or apoptosis. Apoptosis induced by L. monocytogenes can also be found in nonhematopoetic cells, such as the hepatocytes of the liver (17) and neurons of the hippocampus and cerebellum (18) .
Several reports have suggested a correlation between lymphocyte apoptosis and increased susceptibility to L. monocytogenes infection. Type I IFN receptor-defi cient (IFN-αβR −/− ) mice were more resistant to infection (12, 13, 19) and displayed decreased lymphocyte apoptosis in the infected spleen (12, 13) . It was proposed that the absence of lymphocyte apoptosis (12, 13) , or survival of a subset of monocytes (19) , during infection of IFN-αβR −/− mice could be related to the increased resistance to infection. Additionally, TRAIL-defi cient mice were also more resistant to infection with L. monocytogenes and displayed decreased apoptosis of splenic cells (20) .
We have proposed that lymphocyte apoptosis during listeriosis could be detrimental to the early innate immune response by triggering a cascade of events that inhibit the eff ector reactions (11, 12) . Others have related death of cells to impaired infl ammation. For example, culture experiments indicated that direct contact of apoptotic cells with macrophages enhanced Trypanosoma cruzi growth due to sensing of the apoptotic body by the infected macrophage (21) . Apoptotic cells were shown to impair infl ammatory responses by macrophages by promoting secretion of cytokines that antagonize infl ammation, such as IL-10, prostaglandin E2, tumor growth factor β, and platelet-activating factor (22) (23) (24) (25) .
The main approach used here was to reconstitute immunodefi cient mice with lymphocytes and then compare the early growth of L. monocytogenes. Immunodefi cient mice engrafted with lymphocytes were more susceptible to early infection. However, mice engrafted with lymphocytes that were resistant to apoptosis harbored lower colony counts throughout infection. IL-10 produced by dendritic cells and macrophages was a key mediator of the increased susceptibility to listeriosis downstream of apoptosis. Our data suggests that L. monocytogenes has exploited host-cell death pathways to create an infective niche early during infection.
RESULTS

SCID mice are more resistant than wild-type mice
Normal and lymphocyte-defi cient mice (either CB.17 SCID [SCID] or RAG2-defi cient mice [RAG −/− ] on the C57BL/6J or 129/SvEv strains) harbored equivalent numbers of L. monocytogenes in their spleens and livers at 6 h after infection. We used a high infectious dose in the experiment with SCID mice (depicted in Fig. 1 A) to reliably detect the numbers of bacteria in the spleens and livers. In contrast, at the fourth day of infection, normal mice had 10 3 -10 4 more L. monocytogenes in their spleens and livers than SCID mice infected at the same dose (Fig. 1 B; reference 4). Our results were valid over a wide range of infectious doses (Fig. 1 C) . Similar results were observed in RAG −/− mice on both the C57BL/6J and the 129/SvEv backgrounds, indicating that the increase in resistance was not peculiar to the SCID mutation or the genetic background (see below). By days 8-12, the normal mice cleared the infection, whereas the immunodefi cient strains maintained a burden of L. monocytogenes in the livers and spleens (not depicted and references 1, and 3-5).
A constitutively activated innate immune system, or more rapid activation or expansion of it after infection, could explain the increased resistance of immunodefi cient mice. Macrophages taken from normal and SCID mice controlled in vitro infection with L. monocytogenes equivalently, indicating that the cells were not activated before infection (26) . Furthermore, the level of MHC class II molecules on peritoneal macrophages, an indication of their state of activation, was comparable between wild-type and SCID mice before infection (10% I-A d high cells) and throughout the fi rst 4 d of infection (75% positive cells; not depicted and references 4 and 27). In addition, SCID mice produced signifi cantly lower levels of IL-6, TNF-α, IFN-γ, monocyte chemoattractant protein 1 (MCP-1), and IL-12 than the normal mice throughout the course of infection (Fig. 1, D-H) . Therefore, there was not an enhanced cytokine response in the SCID mice early during infection that could account for their increased resistance.
Lastly, the diff erences in L. monocytogenes growth between immunodefi cient and normal mice could not be explained by the presence of serum immunoglobulin in the latter (28) . After infection, SCID mice that received 500 μl of normal serum had colony counts comparable to mock-treated mice (a mean of 2.5 × 10 3 and 5 × 10 3 CFU in the spleens and 3.2 × 10 4 and 1.6 × 10 5 CFU in the livers for untreated and serum-treated mice, respectively, at day 4 after infection). Thus, the increased resistance of immunocompromised strains of mice was not explained by constitutively activated macrophages, a more robust cytokine response early during infection, or natural antibody. 
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normal mice exhibit an immunologically unfavorable environment that is absent in the immunodefi cient counterpart. Thus, our attention turned to events that involve lymphocytes early in the infection, and in this context, death of lymphocytes is a striking event in the initial stage of listeriosis (9, 10, 12, 13) . To evaluate if dying lymphocytes were responsible for an increased susceptibility to L. monocytogenes infection, lethally irradiated RAG −/− mice were engrafted with two types of bone marrow cells: 129/SvEv bone marrow, which duplicated the normal situation, or bone marrow from IFN-αβR −/− mice. We have shown that lymphocyte apoptosis triggered by the L. monocytogenes protein listeriolysin O is enhanced if the cells are activated with antigen or treated with IFN-αA (11, 12) . Thus, bone marrow from IFN-αβR −/− mice was chosen because these mice were resistant to the induction of apoptosis triggered by L. monocytogenes infection and harbored lower colony counts throughout the course of infection (12, 13, 19) . Indeed, the examination of the IFN-αβR −/− mice already suggested but did not prove that lymphocyte death could aff ect the infection. Others have indicated that Listeria infection also led to death of phagocytes (19) .
Before infection, engrafted mice had normal levels of T and B lymphocytes in the circulation and showed restored splenic morphology. At the second day of infection, there was a slightly higher bacterial burden in the mice that received lymphocytes (Fig. 2, A and B) . By the fourth day of infection, the diff erence between the chimeric mice was profound. Mice engrafted with bone marrow cells from normal mice (129/SvEv in the fi gures) had 10 2 -10 3 more bacteria in their spleens and livers compared with RAG −/− mice or mice that received IFN-αβR −/− bone marrow cells (Fig. 2,  C and D) . Therefore, engraftment of IFN-αβR +/+ lymphocytes was suffi cient to restore the increased susceptibility to infection in RAG −/− mice.
L. monocytogenes infection can lead to death of both dendritic cells and macrophages. For the macrophages, type I IFN, which is produced in response to L. monocytogenes infection both in vivo and in vitro (15, 29, 30) , has been shown to be a determinant of the death response. In the normal infected mice, apoptotic death occurs in both lymphocytes and phagocytes. Estimating the presence of apoptotic or dead phagocytes among the extensive lymphocyte apoptosis has been diffi cult. Ultrastructural studies of the infected foci have indicated the presence of dead macrophages containing L. monocytogenes as well as infected cells compatible with dendritic cells with apoptotic nuclei (unpublished data).
To distinguish if the apoptosis of one or both could aff ect the outcome of the infection, mixed chimeras were developed. Because the expression of IFN-αβR on macrophages has been associated with increased susceptibility to L. monocytogenes-induced cell death (15, 19) , lethally irradiated RAG −/− mice were engrafted with a combination of RAG −/− and IFN-αβR −/− bone marrow (at a 5:1 ratio, referred to as "mixed chimeras"). This engraftment protocol resulted in a mixture of IFN-αβR −/− and IFN-αβR +/+ macrophages and IFN-αβR −/− lymphocytes. The myeloid compartment in these mice was mostly IFN-αβR +/+ , whereas the lymphocytes were IFN-αβR −/− (80-95% IFN-αβR +/+ /CD11b + cells and >95% IFN-αβR −/− /CD3 + cells in the blood as determined by immunocytometry before infection).
Thus, these mice contained innate cells like macrophages and dendritic cells potentially sensitive to L. monocytogenes apoptosis but contained lymphocytes resistant to apoptosis. Infected mixed chimeras were also resistant to infection with L. monocytogenes, harboring 10 2 fewer bacteria in their spleens and livers than wild-type engrafted RAG −/− mice (Fig. 2, C and D). Importantly, there was no signifi cant diff erence in the colony counts in the mixed chimera compared with the IFN-αβR −/− chimera, suggesting that sensitivity to infection caused by type I IFNs is dependent on lymphocytes (P = 0.2677 for spleen, P = 0.5303 for liver). Therefore, increased susceptibility to L. monocytogenes infection was caused by apoptosis promoted by type I IFN signaling on lymphocytes (Fig. 2, C and D) .
There are two additional points to note. First, the cytokine responses in the chimeras were similar to those found in SCID mice. Mice reconstituted with bone marrow from normal mice had higher cytokine responses throughout infection, whereas IFN-αβR −/− and mixed chimeras and untransplanted RAG −/− mice had relatively low levels (Fig. 3,  A-E) . Second, histological examination revealed that IFN-αβR −/− mice and chimeras that received IFN-αβR −/− cells showed considerably less apoptotic lymphocytes in infective foci (Fig. 4, A-F; references 12 and 13) . In contrast, the spleens of uninfected SCID mice or SCID mice after infection contained a few apoptotic splenocytes throughout the atrophic white pulp and the red pulp (Fig. 4 D) .
Type I IFN in the SCID mouse It has been reported that type I IFN is produced during infection of the mouse (30) and of macrophages in culture (15, 29) with virulent L. monocytogenes. The relationship between the lymphocyte apoptotic response brought about by type I IFNs and the resistance of immunodefi cient strains of mice was further evaluated using poly(I:C). Poly(I:C) treatment induces type I IFN production and enhanced L. monocytogenes infection in normal mice (13) . The enhancement of L. monocytogenes growth driven by poly(I:C) treatment is dependent on the expression of IFN-αβR, as mice defi cient in the receptor show no diff erence in the handling of the infection when compared with the wild-type mice. Indeed, normal mice injected with 250 μg poly(I:C) had a 20-and 100-fold increase in colony counts in their spleens and livers after 3 d of infection (Fig. 5, A and B) . Fig. 5 C shows that SCID mice required an injection of 500 μg poly(I:C) to have the same level of circulating type I IFN as C.B-17 mice treated with 250 μg poly(I:C). SCID mice that received 500 μg poly(I:C) showed bacterial burdens not signifi cantly higher than the untreated SCID mice in the spleen and only marginally higher in the liver. Cytokine levels were comparable to our previous observations, as poly(I:C) treatment enhanced the infl ammatory cytokine production in normal but not in SCID mice (not depicted). By histology, there was limited apoptosis in either SCID mice or SCID mice treated with poly(I:C) after infection (Fig. 5, E-G) . However, normal mice treated with poly(I:C) had extensive lymphocyte apoptosis (not depicted and reference 13). The results with poly(I: C)-treated mice further bolster the claim that the cellular target of type I IFN sensitization during listeriosis was the lymphocyte, and without lymphocytes, as shown with the response of the SCID mice, there was no untoward eff ect of type I IFN induction.
IL-10 slows L. monocytogenes control
To explore the mechanisms underlying the eff ects, we considered whether the extensive lymphocyte apoptosis induced by L. monocytogenes infection could induce antiinfl ammatory proteins in the infective foci. These would be absent in the 
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SCID or RAG −/− mice devoid of lymphocytes. IL-10 inhibits L. monocytogenes resistance and is known to be produced by macrophages (22, 31) . Therefore, IL-10-defi cient mice infected with L. monocytogenes were examined for the presence of apoptotic lymphocytes and their resistance to infection. In agreement with previous reports (32), mice lacking IL-10 (IL-10 −/− ) were more resistant to L. monocytogenes infection, with 10 2 -10 3 fewer colony counts in their spleens and livers relative to normal controls at day 4 after infection ( Fig. 6, A-C) . Histological examination of IL-10 −/− mice revealed that the infective foci in the periarteriolar lymphoid sheath of the white pulp contained extensive lymphocyte apoptosis (Fig. 6 , E-H) essentially similar to normal mice. For one representative experiment, 37% (19/51, n = 5) of the white pulp profi les of normal mice contained apoptotic profi les versus 29% (17/59, n = 4) in IL-10 −/− mice. Apoptotic lesions ranged from mild (aff ecting <50% of the white pulp) to extensive (aff ecting >75% of the white pulp) for both groups of mice. Therefore, IL-10 −/− mice displayed increased resistance to infection in the presence of apoptotic cells, indicating that IL-10 could be an eff ector of susceptibility to listeriosis downstream of dying cells.
If induction of IL-10 is related to the death of lymphocytes, we would expect to fi nd lower levels of IL-10 in RAG −/− and IFN-αβR −/− mice. This was indeed the case as levels of IL-10 extracted from the spleens of infected mice were signifi cantly higher in normal mice than in IFN-αβR −/− and RAG −/− mice at the third day of infection (Fig. 6 C) . Levels of IL-6, IFN-γ, IL-12, MCP-1, and TNF-α from the spleens were similar to those found in circulation. Only the data on IFN-γ is presented in Fig.  6 D showing high levels in the normal and IFN-αβR −/− mice compared with the RAG −/− mice. IL-10 can be produced by lymphocytes, dying macrophages, or macrophages that have ingested apoptotic bodies (22, 33) , but the source during L. monocytogenes infection is unknown. We determined that the spleens of L. monocytogenes-infected mice contained innate cells that generated IL-10: 0.012% of the CD11b + and 0.091% of the CD11c + cells isolated from infected wild-type mice were positive by IL-10 ELISPOT (two independent experiments, n = 4). The CD19 + and the CD19 − /CD11b − /CD11c − populations of cells isolated from infected wild-type mice contained no detectable IL-10-producing cells. No IL-10-producing cells were found in the spleen cells taken from uninfected mice or the infected RAG −/− or IFN-αβR −/− mice.
DISCUSSION
These results establish that the increased susceptibility to listeriosis of normal versus immunodefi cient mice is because of the presence of lymphocytes and specifi cally of lymphocytes that die during the fi rst 2 d of infection. Constitutive or enhanced activation of the innate immune system of immunodefi cient mice could not account for the increased resistance. Moreover, the mixed chimera experiments indicated that IFN-αβR +/+ macrophages were not responsible for a negative eff ect in the presence of apoptosis-resistant lymphocytes from IFN-αβR −/− mice. Therefore, these fi ndings link two previous observations: the increased resistance to infection in immunodefi cient strains of mice (2-4) with the increased resistance to infection in IFN-αβR −/− mice (12, 13, 19) . It supports the conclusion that the lymphocytes are detrimental to early host responses against this bacterial infection because of their sensitivity to apoptosis, a situation in which type I IFN and the L. monocytogenes protein listeriolysin O play a role (11) (12) (13) . Collectively, the evidence indicates that there is a participation of IL-10 on L. monocytogenes control after the apoptotic lesion. Lack of IL-10 did not impair the apoptosis of lymphocytes but resulted in increased resistance. In this instance, lymphocyte apoptosis did not correlate with higher susceptibility. In addition, IL-10 was produced by phagocytes after lymphocyte apoptosis. We propose that IL-10 production was driven, in part, by the dying lymphocytes and that the antiinfl ammatory signaling of IL-10, and possibly other cytokines, enhanced early innate susceptibility to L. monocytogenes infection (21, 25) . In summary, normal mice have a limited but susceptible period to infection triggered by a cascade of events in which lymphocyte apoptosis is prominent.
We envision the following scenario: the immediate infection by phagocytes releases cytokines, including type I IFNs (15, 29) , while L. monocytogenes releases listeriolysin O, a protein that causes apoptosis of lymphocytes "primed" by type I IFNs (11, 12) . Uptake of the dead cells leads to the release of IL-10 and other antiinfl ammatory molecules that results in an environment that hinders the early control of the infection. L. monocytogenes will grow exponentially in the milieu of dead cells and antiinfl ammatory cytokines that fosters its growth. Eventually this negative stage is superseded as phagocytes are able to control the growth of L. monocytogenes and the adaptive immune system is brought into operation (4, 34).
Our fi ndings have important implications for our understanding of infection with intracellular bacterial pathogens as well as many important human pathogens. In the case of Yersinia enterocolitica, Mycobacterium bovis BCG, and Toxoplasma gondii, apoptosis can be associated with decreased host resistance and increased pathogen spread (35) (36) (37) . Although apoptosis of infected cells is important in containing infections and promoting activation of the adaptive immune response (38) , selective inhibition of lymphocyte death should be investigated as a potential therapeutic strategy against intracellular microbial infections (39). Although our focus has been to emphasize the deleterious effect of lymphocyte apoptosis on L. monocytogenes handling, it is possible that apoptosis at the same time has a positive eff ect, enhancing antigen presentation and adaptive immunity to infection (10, 38, 40) .
MATERIALS AND METHODS
Mice and Listeria infection. All mice were infected i.p. with varying doses of L. monocytogenes EGD strain in pyrogen-free saline. The doses used in each experiment are given in the fi gure legends. The 129/SvEv and IFN-αβR −/− mice were obtained from our own department (provided by H.W. Virgin). The 129/SvEv RAG2 −/− mice were obtained from Taconic. The C57BL/6J and IL-10 −/− defi cient mice on a C57BL/6J background were obtained from The Jackson Laboratory. The C.B-17 and C.B-17 SCID (SCID) strains have been in continuous breeding in our colony since our initial report on macrophage activation in the SCID mouse (4). All mice were bred and maintained under specifi c pathogen-free conditions at the Washington University School of Medicine and were handled in accordance to the guidelines set forth by the Division of Comparative Medicine of Washington University. Colony counts were determined by titration on brain heart infusion agar (BHI) plates using conventional techniques. For all graphs, data were plotted using Prism software (Graphpad, Inc.). A Mann-Whitney unpaired test with two-tailed p-values and 95% confi dence intervals was used for all statistical analyses.
For all bone marrow engraftment protocols, donor cells were isolated from mice treated with 5-fl uorouracil (Sigma-Aldrich) for 3-5 d before mice were killed. Recipient mice received a single lethal 9.50-Gy dose using a cesium source and were engrafted with 10 5 to 5 × 10 5 bone marrow cells i.v. Transplanted mice were given water supplemented with antibiotic (trimethoprim-sulfamethoxazole) ad libitum for 2 wk and were allowed to engraft for a minimum of 70 d before infection with L. monocytogenes. Mice were phenotyped by peripheral blood cell analysis by immunocytometry with antibodies against CD3, CD11b, and CD19 (BD Biosciences), and anti-IFN-αβR (R.D. Schreiber, Washington University, Saint Louis, MO). For poly(I:C) experiments, mice were injected i.v. with 250-1,000 μg poly(I:C) (Sigma-Aldrich) dissolved in pyrogen-free saline immediately before i.p. infection with L. monocytogenes.
Histology. All histological analysis was performed on paraffi n-embedded formalin-fi xed tissue sections and stained by hematoxylin and eosin (H&E). TUNEL assays were performed using standard protocols.
Cytokines. Levels of IL-6, IL-12, MCP-1, IFN-γ, IL-10, and TNF-α were determined by Cytometric Bead Array (BD Biosciences) analysis as described previously (12) . Type I IFNs in the sera of mice 6 h after i.v. injection with 250-1,000 μg poly(I:C) were determined using the Mouse IFN-α ELISA kit (PBL Biomedical Laboratories). For IL-10 determination, spleens of infected mice were disrupted in 1 ml of ice-cold phosphate-buff ered saline using a homogenizer. Cells were lysed by freezing at −80°C, and cell-free supernatants were collected after centrifugation
